Enhanced boiling is one of the popular cooling schemes in thermal management due to its superior heat transfer characteristics. This study demonstrates the ability of copper inverse opal (CIO) porous structures to enhance pool boiling performance using a thin CIO film with a thickness of $10 lm and pore diameter of 5 lm. The microfabricated CIO film increases microscale surface roughness that in turn leads to more active nucleation sites thus improved boiling performance parameters such as heat transfer coefficient (HTC) and critical heat flux (CHF) compared to those of smooth Si surfaces. The experimental results for CIO film show a maximum CHF of 225 W/cm 2 (at 16.2 C superheat) or about three times higher than that of smooth Si surface (80 W/cm 2 at 21.6 C superheat). Optical images showing bubble formation on the microporous copper surface are captured to provide detailed information of bubble departure diameter and frequency.
Introduction
The current performance of supercomputers, power devices, electric vehicles, and advanced military avionics is often limited by the ability to dissipate heat. An enhanced cooling of high heat flux applications performance of high heat flux electronic devices 1 [1] [2] [3] [4] . The increase in total power dissipation requirements over small area has initiated significant interest in phase change cooling schemes, and the recent advancements in material development and nano/micro fabrication technologies have created tremendous possibilities for enhanced phase change heat transfer such as via structured surface, porous media, and three-dimensional manifold cooling configurations [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
Micro/nanoscale surface modifications have been investigated by many researchers especially for thermal management solutions in high power density devices, since they allow remarkable increases in both heat transfer coefficient (HTC) and critical heat flux (CHF) [5] [6] [7] [11] [12] [13] [14] [15] [16] [17] . Dhillon et al. [5] integrated nanotextured surfaces on Si micropillars and dissipated heat fluxes up to 211 W/cm 2 . Chu et al. [6] used similar Si structured surfaces and dissipated 208 W/cm 2 from 2 cm Â 2 cm test sample with water as a working fluid. Chen et al. [13] [14, 15] . Mori et al. used a honeycomb porous plate on a nanoparticle-deposited surface while Jaikumar and Kandlikar used microchannel with sintered surface. However, there is still a lack of fundamental understanding of the influence of surface and bubble characteristics on the heat transfer performance, and there are limited reliable tools for accurate prediction of heat transfer characteristics.
Inverse opal structures are one of the porous matrices which have been widely used in various optical applications due to their superior tunable periodicities, diffractive and optical properties [18] . Metal inverse opal structure can be a promising material for microfluidic heat exchangers due to the high thermal conductivity with the relatively high permeability compared to other porous metals such as sintered cooper, woodpile scaffolds, or nanowire networks [18] . However, there has been relatively little research aimed at investigating thermal performance and heat transfer characteristics of inverse opal structures [16] [17] [18] .
In this study, we fabricate copper inverse opals (CIO) to explore their boiling heat transfer characteristics. A highly instrumented pool boiling apparatus is used to measure accurate heat transfer coefficients and critical heat flux of the microporous copper inverse opal film. Flow visualization provides detailed bubble departure geometry and frequency in different heat flux ranges. The heat transfer performance of CIO is compared to a plain Si surface in boiling. This study provides useful information on the effect of microporous coatings on heat transfer characteristics in boiling.
Preparation of Copper Inverse Opals
Inverse opal structures are fabricated on the Si substrate by electrodeposition of copper around polystyrene (PS) spheres that served as sacrificial templates. The detailed fabrication process is described in Fig. 1 . First, a cathode for electrodeposition, consisting of a 20 nm titanium adhesion layer under a 100 nm gold layer, is sputter coated (Oerlikon Leybold Univex 400 RF/DC) on a monocrystalline polished silicon wafer. A 4% weight/volume PS/water suspension is diluted 1:10 with de-ionized water, and $60 ll of the diluted PS/water suspension is dispensed at once on the gold-coated silicon surface using a drop casting method (step (a) in Fig. 1 ) [19] , and a circular silicone cutout with a diameter of $1.5 cm is used to shape the flow after the dispensing droplet. The wafer is heated at $50 C on a hot plate while blowing air to evaporate the solvent (water) without coffee ring effect, as described in step (b) in Fig. 1 . Thereafter, PS-coated silicon chips are heated in an oven at 103 C for one hour to sinter PS spheres and form necks between the spheres, as depicted in step (c) in Fig. 1 . Then, copper is electrodeposited galvanostatically into the PS template and aqueous 0.6 M CuSO 4 þ 0.03 M H 2 SO 4 electrolyte [20] . A single-channel potentiostat (Gamry Reference 600) is used in a three-electrode electrochemical cell consisting of the gold-coated silicon as a cathode, copper plate as an anode, and a Ag/AgCl (BaSi, Inc., West Lafayette, IN) reference electrode [20] .
The electrodeposition is performed at a fixed current density of 20 mA/cm 2 for 12 min to achieve $10 lm copper layer thickness (step (d) in Fig. 1 ). Finally, PS spheres are dissolved in tetrahydrofuran (THF) for at least 24 h to reveal the porous copper structures (step (e) in Fig. 1 ). Colloidal suspensions of 5 lm spheres PS in water were purchased from Thermo Fisher Scientific. Tetrahydrofuran (anhydrous, > 99.9%), copper (II) sulfate (anhydrous, C to evaporate water (solvent), (c) heating at 103 C for one hour to sinter PS spheres, (d) electrodeposition of copper, and (e) dissolution of PS spheres in THF powder, > 99.9% trace metals basis), and sulfuric acid ($ 99.99%, density 1.840 g/ml) were purchased from Sigma Aldrich and used without further purification. Figure 2 shows scanning electron micrographs of a CIO structure which was used in the pool boiling tests. This sample was prepared using 5 lm PS spheres and 10 lm thick electrodeposition.
Experimental Apparatus
Heat transfer characteristics of CIO samples are measured using a customized pool boiling setup as shown in Fig. 3 . The experimental setup consists of a transparent chamber which is made of four polycarbonate (Lexan) side walls for bubble visualization. DI water is used as a working fluid for the experiment, and it is degassed by vigorous boiling at ambient pressure (T sat ¼ 100 C) for $30 min on a hot plate before the experiment. Then, water is poured into a boiling chamber. Two immersion heaters and a coiled condenser are installed on the chamber for closed loop testing. The coiled condenser is connected to an external chiller (ThermoFlex 3500) to condense the evaporated working fluid into the liquid. The test sample is located on the bottom plate and all the electrical wiring is connected through a hole located at the center of the bottom plate. A thin film gold resistive heater with a heated area of 9 Â 9 mm 2 is fabricated on the opposite side of the silicon substrate to supply heat for boiling experiments. A thickness of 100 nm-Au with a 10 nm-Ti adhesion layer is deposited by e-beam evaporation, and the metallic film is then patterned to square mesh shape using laser ablation (3 W diode pumped solid state laser with 355 nm, power of 20%, frequency of 120 kHz, and scanning speed of 2000 mm/s). This patterned mesh provides relatively uniform heater temperature over the heated area during boiling experiments due to current redistribution at the hot spot area. The exposed surface of the heater is insulated by a quarter inch silicone pad to minimize parasitic thermal losses during the test. Two regulated DC power supplies provide up to 1800 W electrical power to the heater. Total power input to the heater is measured using a customized voltage divider in parallel with the heater to avoid any electrical damage to the data acquisition system (USB-6251). The voltage divider consists of a 5 kX 6 0.1% resistor and a 45 kX 6 0.1% resistor in series providing a 10Â reduction in voltage at the 5 kX sensing resistor. A low resistance shunt resistor of 0.05 X 6 0.1% is used to measure the current flowing through the heater. Voltage measurement accuracy in the data acquisition system is 60.02%, and overall uncertainty in CHF is 60.4%.
The heater temperature is measured using the change in resistance of the heater, which has been calibrated in an oven over a range of 25-120 C. The resistance is obtained using a four-probe measurement technique. Two K-type thermocouples are also used to measure the hot spot temperature of the heater and the working fluid temperature. The hot spot temperature is used to shutoff the power input when there is a sudden temperature rise corresponding to critical heat flux. Boiling images are obtained using a Phantom high-speed camera with two separate white light-emitting diode light sources. All images presented in this study are captured at 2 kHz.
Results and Discussions
The heat flux versus wall superheat of copper inverse opals in pool boiling is shown in Fig. 4 . The wall superheat, DT SH , is determined from a temperature difference between the averaged heated surface temperature, T w , and the saturation temperature of the working fluid, T sat . The results show significant enhancements in both CHF (Fig. 4) and heat transfer coefficient (Fig. 5 ) of the 5 lm CIO sample compared to those of a plain Si surface which were reported by Chu et al. [6] . The CIO sample shows a maximum CHF of 225.6 W/cm 2 showing a 3Â enhancement of CHF compared to the plain surface (79.1 W/cm 2 ). We hypothesize that these superior heat transfer characteristics are mainly due to rapid water replenishment and significant enhanced heat transfer area provided by the CIO structure. For the same reasons, the effective heat transfer coefficient is much higher for the CIO sample as shown by the slope of the two-phase region in Fig. 4 , which results in smaller wall superheat temperature at the corresponding heat flux over the entire nucleate boiling region compared to the plain Si surface. It should be noted that there is a slightly higher superheat temperature (DT SH ) at the onset of boiling (ONB) for the CIO compared to DT SH of the plain Si. Also, a clear ONB is observed for the CIO, which is not observed for the plain Si. As reported by other researchers, no significant ONB for the plain Si is mainly caused by the inconsistencies in the inception of boiling for plain Si [21, 22] . However, more detailed study is required to explore the effect of porous copper coating on ONB. Figure 5 shows the effective HTC versus the normalized heat flux, q 00 =q 00 CHF for both the CIO and plain Si surface. The effective heat transfer coefficient is calculated from a ratio of heat flux based on the heated area and the temperature difference between top surface of the silicon substrate, T si , and the saturation temperature of the working fluid, T sat . A temperature drop due to conduction loss through the silicon substrate is considered to estimate T si . HTC for the plain Si shows a range of 27.5-48.0 kW/m 2 K, which is similar but slightly higher compared to the values reported in Chen et al. [13] . The CIO sample shows a wide range of HTC 30-110 kW/m 2 K, which is more than a 2Â improvements over the plain silicon. The larger surface area of the CIO provides lower thermal resistance, which results in lower temperature at the boiling surface. The superheat temperature ranging from 8.3 to 9.7 K for the CIO at q 00 ¼ 50 W/cm 2 is $35% lower than plain Si at the corresponding heat flux. Figure 6 shows optical images of bubbles on the CIO sample at three different heat fluxes of 18% (40 W/cm 2 ), 53% (120 W/cm 2 ), and 80% (180 W/cm 2 ) of CHF. As shown in this figure, there are two dominant bubble sizes observed during the test. Most of the bubbles departing from the center of the surface has smaller departure diameter of D b <$ 1 mm, and the bubble sizes are decreased right after departing from the surface due to the low bulk fluid temperature (i.e., less than T sat ). Also, there are large bubbles (D b ¼ $3-4 mm) observed at the boundary of the CIO. Since the Si surface has different surface characteristics compared to the CIO, bubbles on the Si surface attach at the border and do not lift off until they have enough buoyancy force to overcome the surface force. According to the Fritz model [23] , the bubble departure diameter on Si surfaces in water during pool boiling is around 3 mm that is very similar to the bubble size shown in Fig. 6(a) . Bubble departure diameter by the Fritz model can be evaluated using the equation below:
Near the heat flux of 80% of CHF, most of the heated area is covered by a large bubble and bubble departing frequency, f b decreases significantly. With further increase in heat flux, the boiling regime is changed to film boiling, which corresponds to CHF.
Conclusions
This study explores heat transfer characteristics of microporous copper using water. We demonstrate microporous copper inverse opal films by employing templated-electrodeposition technique. Experimental results measuring effective heat transfer coefficient and CHF are obtained during pool boiling tests for a CIO sample with 5 lm pore size. The obtained results are compared to the values of a plain Si surface showing improvements in both HTC and CHF using CIO. We summarize our findings as follows:
(1) The microporous copper inverse opals are fabricated using a copper electrodeposition process around sacrificial polystyrene spheres as a template. (2) A maximum heat dissipation of q 00 ¼ 225 W/cm 2 is achieved using the CIO sample with 5 lm pore size. This is almost 3Â enhancement in CHF compared to the value of the plain Si. which is 3Â improvement compared to the HTC of plain Si. (4) Bubble departure diameter and frequency are observed from optical images using a high-speed camera. Further studies are required to investigate detailed relationships between pore sizes, contact angles, and bubble departure diameters. 
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